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[57] ABSTRACT 
A circuit arrangement for processing sampled analog 
electrical signals where each sample being in the form 
of an electrical current. The circuit arrangement in 
cludes apparatus for combining, in predetermined pro 
portions, the input sample current in a present sample 
period with current(s) derived from input sample cur 
rent(s) in one or more preceding sample periods, and 
apparatus for deriving the processed output signal from 
the combined current produced by the combining 
means in successive sample periods. The circuit ar 
rangement consists of a plurality of circuit modules 
each of which deliver and accept bi-directional signal 
currents and which contain current sources so that 
internally only unidirectional currents are processed. 
The transistors which conduct signal currents are ar 
ranged to be of one conductivity type only. This re 
duces the voltage requirements at the interfaces be 
tween modules. 

20 Claims, 7 Drawing Sheets 
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APPARATUS FOR PROCESSING SAMPLE 
ANALOG ELECTRICAL SIGNALS 

BACKGROUND OF THE INVENTION 

This invention relates to a circuit arrangement for 
processing sampled analog electric signals with each 
sample being in the form of an electric current. The 
circuit arrangement comprises means for combining, in 
predetermined proportions, the input sample current in 
a present sample period with current(s) derived from 
input sample curent(s) in one or more preceding sample 
periods, and means for deriving the processed output 
signal from the combined current produced by the com? 
bining means in successive sample periods. 
A circuit arrangement as set forth in the preceding 

paragraph is disclosed in UK Patent Application No. 
8721758 which corresponds to U.S. Pat. No. 4,864,217 
which also discloses a method of processing sampled 
analog electric signals comprising the steps of 

(a) converting each sample into a current if it is not 
already in that form; 

(b) combining, in predetermined proportions, the 
input sample current in the present sample period with 
the sample current(s) derived from input sample cur~ 
rent(s) in one or more preceding sample periods; and 

(c) deriving the processed output signal from the 
combined current produced by step (b) in successive 
sampling periods. 

Circuits constructed to operate in accordance with 
the method disclosed in the above referenced applica 
tion, which are referred to hereinafter as switched cur 
rent circuits, have a number of characteristics and ad 
vantages including the fact that the mathematics con 
cerned with the application of z-transforms to switched 
capacitor circuits apply equally to circuits using this 
method. However, in contrast to switched capacitor 
circuits, high quality linear capacitors are not required. 
Consequently, the second polysilicon layer used to pro 
duce the capacitors in switched capacitor circuits may 
not be necessary which would make the processes for 
producing these circuits compatible with processes for 
making digital VLSI circuits, and hence the combina 
tion of analog and digital signal processing in a single 
integrated circuit may be simpli?ed. 

Processes for manufacturing VLSI circuits are gener 
ally devised and optimised for the production of digital 
circuits and are generally moving towards smaller di 
mensions and lower power supply voltages. Circuit 
arrangements for carrying out the method set forth in 
U.S. Pat. No. 4,864,217 are conveniently constructed 
using current mirror circuits which, in order to obtain 
the best performance, may include one or more source 
degeneration resistors, cascode conected device, or 
dynamic element matching. All these measures increase 
the voltage required to keep the active devices in satu 
ration. 

SUMMARY OF THE INVENTION 

It is an object of the invention to provide a circuit 
arrangement capable of operating according to the 
method disclosed in U.S. Pat. No. 4,864,217 which will 
operate with comparatively low power supply voltages. 
The invention provides a circuit arrangement for 

processing sampled analog electrical signals, each sam 
ple being in the form of a current, the circuit arrange 
ment comprising means for combining, in predeter 
mined proportions, an input sample current in the pres 
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2 
cm sample period with current(s) derived from input 
sample current(s) in one or more preceding sample 
periods, and means for deriving the processed output 
signal from the combined current produced by the com 
bining means in successive sample periods, wherein the 
circuit arrangement comprises transistors and all of the 
transistors which conduct signal currents are formed by 
devices having the same polarity. 
UK Patent Application No. 88160726 which corre 

sponds to U.S. Pat. No. 4,958,123 Sep. 18, 1990 discloses 
a circuit arrangement which carries out the method 
disclosed in U.S. Pat. No. 4,864,217 and which com 
prises a plurality of circuit modules, each circuit module 
having a current input for receiving a bi-directional 
input signal current and a current output for supplying 
a bi-directional output signal current, means for adding 
a bias current to the bi-directional input current to pro 
duce a uni-directional current for processing by the 
circuit module and means for subtracting a suitably 
scaled bias current from the processed uni-directional 
current to produce a bi-directional current at the cur 
rent output of the circuit module. 
By constructing the circuit arrangement from a plu 

rality of circuit modules, which can be designed to 
perform particular functions, such as current storage, 
current ampli?cation, current addition or subtraction, 
current inversion, and transferring only signal currents 
between the circuit modules, large systems can be con 
structed without requiring accurately matched bias 
current sources at widely spaced locations on an inte 
grated circuit substrate. Thus, a complex signal process 
ing arrangement can be implemented using compara 
tively simple building block modules in which each 
module is capable of receiving and producing bi-direc 
tional currents even though within the module only 
uni-directional currents can be handled. 
The circuit modules disclosed in U.S. Pat. No. 

4,958,123 are constructed using current mirror circuits 
formed by n-channel ?eld effect transistors and p-chan 
nel ?eld effect transistors. The signal currents pass 
through current mirror circuits of both types and conse 
quently it is necessary that each type of current mirror 
circuit have a similar performance with regard to accu 
racy, bandwidth, etc. This leads to a requirement for 
larger devices in the current mirror circuits formed by 
p-channel transistors. In addition, current mirror cir 
cuits formed by n-channel and p-channel transistors are 
connected in series across the power supply rails and 
this causes dif?culty in maintaining operation in the 
saturation region from the low voltage supplies used in 
presently produced VLSI circuits and the even lower 
voltage supplies expected in future VLSI circuits. 
By providing that signal currents ?ow only through 

current mirror, or other, circuits formed using transis 
tors of one polarity only, the series connection of two 
current mirror, or other, circuits across the power sup 
ply rails can be eliminated thereby reducing the voltage 
required to keep the devices operating in the saturated 
region. 
The transistors which carry signal currents may be 

formed as n-channel ?eld effect transistors. The advan 
tages of using n-channel ?eld effect transistors rather 
than p-channel ?eld effect transistors are that for a 
given construction they have a wider bandwidth, a 
lower voltage for a given current, and a lower threshold 
voltage. Thus, the capability for operating at lower 
power rail voltages can be maximized. 
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Alternatively, the transistors which carry signal cur 
rents may be formed as p-channel ?eld effect transistors. 
The advantages of using p-channel ?eld effect transis 
tors rather than n-channel transistors are that in some 
n-well processes better matching between devices may 
be ' achievable and cross-talk from digital circuits 
formed on the same substrate can be screened. 
As with the circuit arrangement disclosed in U.S. Pat. 

No. 4,958,123 the circuit arrangement according to the 
present invention may comprises a plurality of circuit 
modules, each circuit module having a current input for 
receiving a bi-directionalinput signal current and a 
current output for supplying a bi-directional output 
signal current, means for adding a bias current to the 
bi-directional input signal current to produce a uni 
directional current for processing by the circuit module, 
and means for subtracting a suitably scaled bias current 
from the processed uni-directional current to produce a 
bi-directional output signal current. 

This gives the same properties and advantages as 
disclosed in U.S. Pat. No. 4,958,123 the contents of 
which are hereby incorporated by reference. 
One of the circuit modules may comprise a current 

memory module which is capable of reproducing at its 
output in one sampling period a scaled version of the 
current applied to its input in a previous sampling per 
iod. ' 

In order to process signals in switched current cir 
cuits it is necessary to be able to store currents from one 
sampling period to the next so that sample currents 
occurring in different sample periods can be combined 
in a desired manner to perform a given signal processing 
function. 
The current memory module may comprise a current 

input, a current output, ?rst and second switches con 
trolled by ?rst and second non-overlapping clock sig 
nals, and ?rst and second memory cells, wherein the 
current input is coupled to the ?rst memory cell by 
means of the ?rst switch and the ?rst memory cell is 
coupled to the second memory cell by means of the 
second switch, the output of the second memory cell 
being coupled to the current output. Each memory cell 
may comprise a ?eld effect transistor having a capacitor 
connected between its gate and source electrodes. By 
storing a charge on a'capacitor which causes the gate 
source potential of a ?eld effect transistor to be main 
tained when the driving source is removed, the current 
produced through the transistor by the driving source 
can be maintained by the charge on the capacitor. Of 
course, the effectiveness of the current maintainance 
depends on the input resistance of the transistor and the 
period during which the current is to be maintained. 
Consequently, this is one factor which limits the maxi 
mum sampling period. 

In each memory cell the ?eld effect transistor may ' 
form an output branch of a current mirror circuit. The 
?rst and second switches may be arranged to isolate the 
input and output branches of the current mirror circuits, 
the output branch of the ?rst current mirror circuit 
being connected to the input branch of the second cur 
rent mirror circuit. ' 

Forming the current memory cells as current mirror 
circuits having their input and output branches isolated 
by a switch enables the input current to be accurately 
produced at the output and enables the capacitor to be 
charged to the correct potential to maintain the output 
current at the desired value. 
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4 
At least one of the current mirror circuits may have a 

non-unity current ratio between its input and output 
branches. The second current mirror circuit may have a 
plurality of output branches. This enables the current 
memory to additionally be given a gain function and/or 
to be provided with a plurality of independent outputs 
which may be distributed to various parts of the circuit 
arrangement, as required. 
The current memory module may include a ?rst 

memory cell having an input, an output, means compris 
ing a ?rst switch which is conductive during a ?rst 
portion of a sample period for connecting the input of 
the ?rst memory cell to the main current conducting 
path of a transistor, means comprising a second switch 
which is conductive during the ?rst portion for con 
necting the junction of the ?rst switch and the main 
current conducting path of the transistor to a current 
maintaining means, and means for connecting the main 
current conducting path of the transistor to the output 
of the ?rst memory cell during a second portion of the 
sampling period, a second memory cell having an input 
coupled to the output of the ?rst memory cell and an 
output coupled to the output of the current memory 
module, and means for coupling the input of the current 
memory module to the input of the ?rst memory cell. 
By using the same transistor for both the input and 

the output current, errors due to transistor mismatching 
can be eliminated. However, the output from this alter 
native memory cell is only available during the second 
portion of the sampling period. 
The means for connecting the main current conduct 

ing path of the transistor to the output of the ?rst mem 
ory cell may comprise a third switch which is conduc 
tive during a second portion of the sampling period 
which does not overlap the ?rst portion, an output 
current from the ?rst memory cell being available when 
the third switch is conductive. 
The second memory cell may comprise an input, an 

output, means comprising a ?rst switch which is con 
ductive during a second portion of a sample period for 
connecting the input of the second memory cell to the 
main current conducting path of a transistor, means 
comprising a second switch which is conductive during 
the second portion for connecting the junction of the 
?rst switch and the main current conducting path of the 
transistor to a current maintaining means, and means 
comprising a third switch which is conductive during a 
?rst portion of the sampling period which does not 
overlap the ?rst portion for connecting the main cur 
rent conducting path of the transistor to the output of 
the second memory cell, an output current from the 
current memory being available when the third switch 
is conductive. 
The means for subtracting a suitably scaled bias cur 

rent may comprise a bias current source connected to 
the input of a current mirror circuit having a number of 
outputs corresponding to the number of outputs of the 
current memory module, the output current(s) pro 
duced by the current mirror circuit being subtracted 
from the corresponding output current(s) of the second 
memory cell. 

This enables a single bias current source to be used to 
subtract bias currents from a plurality of outputs. Any 
necessary scaling of individual bias currents can be 
accomplished in the various output branches of the 
current mirror circuit. 
The memory module may have differential inputs and 

outputs and comprise a plurality of current memory 
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cells, means for coupling each of the differential inputs 
to a respective current memory cell and means for com 
bining the outputs of selected memory cells for applica 
tion to the differential current outputs. By performing 
the signal processing using differential currents, im 
proved performance can be achieved as common mode 
errors are signi?cantly reduced and power supply noise 
and even harmonic distortion can be suppressed. 
One of the circuit modules may comprise an integra 

tor circuit module which is capable of integrating a 
bi-directional current applied to its input. The integra 
tor circuit module may comprise a current memory 
module as set forth herein before and a feedback loop 
from a stored current output to a summing arrangement 
so that a stored current can be added to each current 
input sample. The integrator may be arranged to inte 
grate differential input currents. The integrator module 
may be arranged to perform either lossy or lossless 
integration, for example, by appropriately choosing the 
current ratios of current mirror circuits forming or 
associated with current memory cells. The integrator 
modules are useful in forming various ?lter sections 
which may be used to construct ?lters of any desired 
complexity. 
One of the circuit modules may comprise a static 

module which is capable of producing at its output a 
scaled version of the current applied to its input at its 
output. The static module'may have a plurality of inputs 
by means of which a plurality of input currents may be 
applied to the static module to enable current addition 
or subtraction to be performed by the static module. 
The static module may perform a current inversion 
between its input(s) and output(s). 
The static modules allow functions of current gain, 

signal inversion, current addition, current subtraction, 
and ‘fan-out’ to be performed. 
The static module may comprise a current scaling 

circuit, the current scaling circuit comprising means for 
applying an input current to the input branch of a ?rst 
current mirror circuit, means for applying a bias current 
to the input branch of the ?rst current mirror circuit, 
means for feeding'the current from the output branch of 
the ?rst current mirror circuit to the input branch of a 
second current mirror circuit, means for feeding the 
current from the output branch of the second current 
mirror circuit to the output of the static module, and 
means for subtracting a bias current so that the output 
current produced by the scaling circuit is a scaled ver 
sion of the input current applied to the input of the 
scaling circuit. 

Since the static module has its input connected to the 
input branch of a current mirror circuit, which input 
branch is commonly formed by a diode connected tran 
sistor, it is necessary to ensure that when that is so the 
current flows in the current conducting direction of the 
diode. The provision of a bias current which is added to 
the input current enables this condition to be achieved 
for values of input current within the designed range. It 
would be possible, if a current inversion were desired, 
to take the output from the output branch of the ?rst 
current mirror circuit and subtract the bias current, or a 
multiplied version of the bias current if the ?rst current 
mirror has a current multiplication factor, from the 
current in the output branch of the ?rst current mirror 
circuit to produce the required output current of the 
static module. 
The means for applying a bias current to the input 

branch of the ?rst current mirror circuit may comprise 

6 
a ?rst current source and means for adding the current 
produced by the ?rst current source to the input current 
and the means for subtracting a bias current may com 
prise a second current source and a current summing 

5 junction to which the output current from the second 
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current source and the output current from the output 
branch of the second current mirror are applied with 
appropriate polarity, and means for deriving the scaled 
output current from the summing junction. The second 
current mirror circuit may have a plurality of outputs, 
the static module having a corresponding plurality of 
outputs, each output of the second current mirror cir 
cuit being coupled to a corresponding output of the 
static module. The means for subtracting the suitably 
scaled bias current may comprise a bias current source 
connected to the input of a further current mirror cir 
cuit having a number of outputs corresponding to the 
number of outputs of the second current mirror circuit, 
the output current(s) produced by the further current 
mirror circuit being subtracted from the corresponding 
output current(s) of the second current mirror circuit. 
The static module may be arranged to produce an inver 
sion of the current applied to its input at its output, the 
input of the static module being coupled to the input of 
the further current mirror circuit instead of to the input 
of the ?rst current mirror circuit. 
The static module may be arranged to subtract a ?rst 

current from a second current and have a ?rst input for 
application of the second current which is coupled to 
the input of the ?rst current mirror circuit, a second 
input for application of ‘the ?rst current which is cou 
pled to the input~ of the further ‘current mirror circuit, 
and one or more outputs which are coupled to respec 
tive output branches of the second current mirror cir 
cuit. _ 

The static module. may be arranged to process a dif 
ferential input current and produce a differential output 
current. The static module may comprise ?rst and sec 
ond inputs for receiving a differential input current, ?rst 
and second outputs for producing a differential output 
current, means for coupling the ?rst input to a ?rst input 
of a ?rst current summing means, means for coupling a 
?rst bias current source to a second input of the ?rst 
current summing means, means for coupling the output 
of the ?rst current summing means to the input branch 
of a ?rst current mirror circuit, means for coupling the 
second input to a ?rst input of a second current sum 
ming means, means for coupling a second bias current 
source to a second input of the second current summing 
means, means for coupling the output of the second 
current summing means to the input branch of a second 
current mirror circuit, means for coupling a ?rst output 
branch of the ?rst current mirror circuit to the input 
branch of a third current mirror circuit, means for cou 
pling a ?rst output branch of the second current mirror 
circuit to the input branch of a fourth current mirror 
circuit, means for coupling a second output branch of 
the ?rst current mirror circuit to a ?rst input of a third 
current summing means, means for coupling the output 
branch of the fourth current mirror circuit to a second 
input of the third current summing means, means for 
coupling the output of the third current summing means 
to the ?rst output, means for coupling a second branch 
of the second current mirror circuit to a ?rst input of a 
fourth current summing means, means for coupling an 
output branch of the third current mirror circuit to a 
second input of the fourth current summing means, and 
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means for coupling the output of the fourth summing 
means to the second output. 
The static module may have a number of further 

differential outputs wherein each of the current mirror 
circuits has a corresponding number of further output 
branches each of which is connected to appropriate 
further summing nodes. 
The static module may have a number of further 

differential inputs, each further differential input being 
connected to a further input of the ?rst and second 
summing nodes. 
One of the circuit modules may comprise an integra 

tor. The integrator may be a bi-linear integrator. The 
integrator may be ideal or lossy. Various ?lter sections 
and ?lters may be formed utilising one or more ideal 
and or lossy integrators. 
The bilinear integrator may comprise ?rst and second 

inputs and an output, means for connecting the ?rst 
input to the input of a ?rst current memory cell which 
is arranged to store the current applied in a ?rst portion 
of each sampling period and to reproduce a current, 
whose magnitude is dependent on that of the ,applied 
current, at an output during a second portion of that or 
a succeeding sample period, means for connecting the 
second input to the input of a second current memory 
cell which is arranged to store the current applied to its 
input in the second portion of each samplingperiod and 
to reproduce at each of a plurality of outputs a current, 
whose magnitude is dependent upon that of the current 
applied to its input, during the ?rst portion of that or a 
succeeding sampling period, means for connecting the 
?rst output of the second current memory cell to the 
input of the ?rst current memory cell, means for con 
necting the output of the ?rst current memory cell to 
the input of the second current memory cell, and means 
for connecting the second output of the second current 
memory cell to the output of the integrator circuit. 
The second current memory cell may be constructed 

so that the output current produced at its ?rst output is 
equal to B times the current applied to its input where B 
is less than one. 

This enables‘ a lossy integrator to be produced. 
Clearly, when E is equal to one an ideal integrator is 
produced. Lossy integrators may be used in conjunction 
with ideal integrators to form various bi-quadratic ?lter 
sections, for example, the Tow-Thomas bi-quadratic 
section. 
The integrator may further comprise means for add 

ing a bias current to the current applied to the ?rst input 
of the integrator and means for subtracting appropri 
ately scaled bias currents from the ?rst and second 
output currents of the second current memory cell so 
that the output current produced by the integrator con 
tains no bias current component. 

This enables bi-directional currents to be processed 
while maintaining unidirectional currents at the inputs 
to the current memory cells and enables integrator cir 
cuits to be formed which produce a bi-directional signal 
current output having no bias current component. 
Thus, an integrator circuit can be constructed which 
operates on bi-directional input signal currents and pro 
duces bi-directional output signal currents, all necessary 
bias currents being produced within the integrator cir 
cuit. This eases the problem of matching the bias cur 
rent sources when a plurality of integrator circuits are 
interconnected to form a ?lter as they can be integrated 
in close proximity thus minimizes the effect of process 
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8 
variables which may exist across the often extensive 
chip area of a VLSI circuit. 
The ?rst current memory cell may comprise an input 

connected to a diode connected ?eld effect transistor, 
the gate electrode of which is connected through a 
switch to the gate electrode of a second similarly con 
structed ?eld effect transistor, the ?rst and second tran 
sistors having their source electrodes connected to a 
common point, an output connected to the drain elec 
trode of the second transistor, a capacitor connected 
between the source and gate electrodes of the second 
transistor, and means for closing the switch only during 
the ?rst portion of each sampling period. 

This provides a convenient circuit implementation 
for the current memory cell, the output current being 
available throughout a sampling period apart from the 
short time during which the capacitor is charged by the 
input current during the ?rst portion of the sampling 
period. This circuit is basically a current mirror circuit 
whose input and output branches are isolated by the 
switch, the current being maintained in the output 
branch by the charge on the capacitor. Consequently, 
any techniques used to improve the performance of 
current mirror circuits could be used with the current 
memory circuit, for example, cascode connection in the 
input and output branches, source ‘degeneration, dy 
namic element matching, multiple output paths having 
the same or different currents. 

Alternatively, the ?rst current memory cell may 
comprise a first switch connected between its input and 
the drain electrode of a ?eld effect transistor, a second 
switch connected between the gate and drain electrodes 
of the transistor, a capacitor connected between the 
gate and source electrodes of the transistor, a third 
switch connected between the drain electrode of the 
transistor and its output, means for closing the ?rst and 
second switches only during the ?rst portion of each 
sampling period, and means for closing the third switch 
only during the second portion of each sampling period. 

This alternative current memory cell has the advan 
tage that the same transistor is used as the input diode 
and the output device, thus eliminating errors due to 
device mismatch, but has the disadvantage that the 
output current is only available during the second por 
tion of each sampling period. 
The integrator circuit may be arranged for integrat 

ing a differential input current and for producing a 
differential output current, output current, in which 
case the integrator circuit may further comprise a sec 
ond output, a third current memory cell, a fourth cur 
rent memory cell, means for coupling an output of the 
third current memory cell to the input of the fourth 
current memory cell, means for coupling a ?rst output 
of the fourth current memory cell to the input of the 
third current memory cell, means for connecting the 
?rst input of the integrator circuit to the input of the 
?rst current memory cell during the ?rst portion of 
each sampling period, means for connecting the ?rst 
input of the integrator circuit to the input of the fourth 
current memory cell during the second portion of each 
sampling period, means for connecting the second input 
of the integrator circuit to the input of the third current 
memory cell during the ?rst portion of each sampling 
period, means for connecting the second input of the 
integrator circuit to the input of the second current 
memory cell during the second portion of each sam 
pling period, means for connecting the second output of 
the second current memory cell to the ?rst output of the 
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integrator circuit, and means for connecting a second 
output of the fourth memory cell to the second output 
of the integrator circuit. _ 

This enables the provision of a double balanced dif 
ferential integrator circuit. As is well known, double 
balanced differential circuits suppress common mode 
input signals and power supply noise signals and conse 
quently an improved performance over single ended 
integrators can be achieved. 
The integrator may further comprise means for add 

ing bias currents to the currents applied to the inputs of 
the ?rst and third current memory cells and means for 
subtracting appropriately scaled bias currents from the 
outputs of the second and fourth current memory cells 
so that the output differential currents contain no bias 
current component. 

BRIEF DESCRIPTION OF THE DRAWING 

Embodiments of the invention will now be described, 
by way of example, with reference to the accompanying 
drawings, in which: 
FIG. 1 shows in block schematic form a circuit ar 

rangement incorporating the invention, 
FIG. 2 shows a circuit module for use in a circuit 

arrangement for processing sampled analogue signals, 
the circuit module utilizing current mirror circuits 
formed by p-channel ?eld effect transistors and by n 
channel ?eld effect transistors, 
FIG. 3 shows a ?rst embodiment of a circuit module 

for use in a circuit arrangement for processing sampled 
analogue signals according to the invention, 
FIG. 4 shows the interface between two circuit mod 

ules as shown in FIG. 2, _ 
FIG. 5 shows the interface between two circuit mod 

ules as shown in FIG. 3, 
FIG. 6 shows a second embodiment of a circuit mod 

ule vfor use in a circuit arrangement according to the 
invention, 
FIG. 7 shows a third embodiment of a circuit module 

for use in a circuit arrangement according to the inven 
tion, 
FIG. 8 shows a fourth embodiment of a circuit mod 

ule for use in a circuit arrangement according to the 
invention, 
FIG. 9 shows a ?fth embodiment of a circuit module 

for use in a circuitlarrangement according to the inven 
tion, 
FIG. 10 is a timing diagram illustrating waveforms 

for operating switches in the circuit arrangement during 
each sampling period, 
FIG. 11 shows a sixth embodiment of a circuit mod 

ule for use in a circuit arrangement according to the 
invention, 
FIG. 12 shows a seventh embodiment of a circuit 

module for use in a circuit arrangement according to 
the invention, and 
FIG. 13 shows an eighth embodiment of a circuit 

module for use in a circuit arrangement according to 
the invention. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS _ 

FIG. 1 shows a circuit arrangement for processing 
sampled analogue electrical signals in which the inven 
tion is included. The circuit arrangement shown in FIG. 
1 has an input 1 which is fed to a low-pass ?lter 2 which 
acts as an anti-alias ?lter. The low-pass ?lter 2 may be 
omitted if the signal is naturally band limited. The out 

20 

25 

35 

40 

45 

50 

55 

65 

10 
put of the ?lter 2 is fed to the input of a sample and hold 
circuit 3 which produces a sampled input which is fed 
to a voltage to current converter 4. The output of the 
voltage to current converter produces a sampled cur 
rent output which is fed to a signal processing circuit 5. 
Alternatively, the voltage to current conversion could 
take place prior to the ?ltering but, of course, it is neces 
sary to ?lter before sampling unless the input signal is 
naturally band limited. The output of the signal process 
ing circuit 5 is fed to a current to voltage converter 6 
whose output is passed through a low pass ?lter 7 to the 
output 8 of the arrangement. A clock signal is fed from 
a clock generator 9 to the sample and hold circuit 3 and 
to the signal processing circuit 5. If the arrangement 
were such that the input signal at input 1 was in the 
form of a current rather than a voltage, then the voltage 
to current converter 4 could be omitted. Similarly, if the 
output signal at output 8 was required to be a current 
output then the current to voltage converter 6 would be 
omitted. Y 

The signal processing circuit 5 is arranged to manipu 
late sampled currents to produce the desired output 
signal. The precise form of the signal processing circuit 
5 will depend on the signal manipulation to be per 
formed. It may, for example, comprise one or more 
integrator circuits. The signal manipulation is carried 
out by combining, in desired proportions, the electrical 
current in a present sample period with the electrical 
currents in one or more preceding sample periods. Con 
sequently, the signal processing circuit 5 must be capa 
ble of making available 'the currents from at least the 
preceding sample period. This does not, however, 
means that the input current itself in the preceding sam 
ple period has to be available, but merely that it or the 
manipulated current for the previous sample period be 
available together with the input current in the present 
sample period. Typical circuit elements required to 
perform the manipulation of current samples are current 
mirror circuits and a current memory. Furthermore in 
the majority of applications the electrical variable is 
voltagerather than current and hence it is then neces 
sary to provide a voltage to current converter and a 
corresponding current to voltage converter to enable 
interfacing between the signal processing circuit 5 and 
external parts of the system. 

In order to perform the signal processing once the 
signal has been converted to a sampled current, two 
basic modules, a static module and a memory module, 
are required in various combinations in the signal pro 
cessing arrangements 5 dependent on the signal manipu 
lation to be carried out. These modules may be built 
from current mirror circuits and for simplicity in de 
scribing the static and memory modules a basic current 
mirror circuit will be shown. However, better perfor 
mance may be achieved by using combinations of alter 
native current mirror circuits. 
The static modules may have a variety of forms to 

provide for addition, subtraction or scaling of currents 
or to provide a ‘fan-out’ or plurality of output currents. 
Similarly the current memory modules may include 
addition, subtraction, multiplication, and ‘fan-out’ capa-v 
bility. Additionally both the static and memory modules 
may have single ended or differential inputs and out 
puts. 

Further modules which may be provided include 
ideal and lossy integrators which may be constructed 
from current memory modules provided with appropri 
ate outputs and feedback connections. 
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Each of the modules provided in the signal process 
ing arrangement 5 may be arranged to be capable of 
accepting bi-directional current inputs and producing a 
bi-directional current output. Since the input to a mod 
ule may be connected to a diode it is necessary to con 
vert the bi-directional input current to a uni-directional 
input current. This may be achieved by adding a bias 
current which is generated within the module to the 
input current. To obtain a bi-directional output current, 
a bias current is subtracted from the output current. If 
the module performs a scaling function it is of course 
necessary to subtract an appropriately scaled bias cur 
rent from the output current. By this means only signal 
currents are passed between the modules and the bias 
currents in one module are independent of and have no 
effect on the bias currents in the other modules. Thus 
matching of bias currents is only necessary within a 
module, which will normally be a compact unit occupy 
ing only a small area of the substrate on which the 
integrated circuit is formed and hence the processing 
conditions are unlikely to vary signi?cantly within a 
module thus reducing the problems involved in produc 
ing matched current sources. 
US. Pat. No. 4,958,123 describes a family of static 

and memory modules which accept bi-directional input 
signal currents and produce bi-directional output signal 
currents and contain within the module sources of bias 
current to enable uni-directional currents to be pro 
cessed as uni-directional currents within the module. 
This family of modules, which includes both single 
ended and differential forms, uses both current mirror 
circuits employing n-channel devices and current mir 
ror circuits employing p-channel devices. Thus, signal 
currents are passed from current mirror circuits formed 
by n'channel devices to further current mirror circuits 
formed by p-channel devices. The modules described in 
the aforesaid US. patent have many desirable proper 
ties, that is they have internal bias currents to allow 
bipolar or bi-directional input and output currents, they 
transmit only signal currents between modules and they 
can be implemented in fully differential as well as single 
ended structures. This is a ?exible approach which can 
be extended to a whole family of modules. However, 
these modules have some disadvantages. First, since 
current mirror circuits formed from both n-channel 
devices and p-channel devices handle signal currents, 
both forms of current mirror circuit must have similar 
performance, for example, accuracy, bandwidth, input 
and output impedance. This leads to the requirement for 
larger devices in the p-channel current mirror circuits 
because its transistors have lower electron mobility. 
Secondly, because the p-channel current mirror circuit 
is connected in series with an n-channel current mirror 
circuit across the supply voltage there is dif?culty in 
maintaining operation of the transistors in their satu 
rated region from the low supply votages used in mod 
em VLSI processes. This problem will becomes in 
creasingly difficult as the trend in VLSI processes is to 
scale dimensions downwards and to use lower supply 
voltages. 
FIG. 2 shows a static module which performs the 

function of a subtracting sealer and’ which is of the form 
disclosed in US. Pat. No. 4,958,123. The subtracting 
scaler shown in FIG. 2 has a ?rst input 20 which is 
connected to the junction of a current source 21 and the 
drain electrode of an n-channel ?eld effect transistor 
T20. The current source 21 and transistor T20 are con 
nected in series between positive and negative supply 
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rails 22 and 23, respectively. The gate electrode of tran 
sistor T20 is connected to its drain electrode and to the 
gate electrode of a further n-channel ?eld effect transis 
tor T21. The source electrodes of transistors T20 and 
T21 are both connected to the negative supply rail 23. 
The drain electrode of transistor T21 is connected to 
the drain electrode of a p'-channel ?eld effect transistor 
T22 whose source electrode is connected to the positive 
supply rail 22. The drain electrode of transistor T22 is 
connected to its gate electrode and to the gate electrode 
of a further p-channel ?eld effect transistor T23 whose 
source electrode is connected to the positive suppply 
rail 22. The drain electrode of transistor T23 is con 
nected to the drain electrode of an n-channel ?eld effect 
transistor T24 and to an output terminal 24. A current 
source 25 is connected between the positive supply rail 
22 and the drain electrode of an n-channel ?eld effect 
transistor T25. A further input terminal 27 is connected 
to the junction of the current source 25 and the drain 
electrode of the transistor T25. The drain electrode of 
transistor T25 is further connected to its gate electrode 
and to the gate electrode of transistor T24. The source 
electrodes of transistors T24 and T25 are connected to 
the negative supply rail 23. Transistors T20 and T21 are 
identically dimensioned and form a ?rst current mirror 
circuit having unity gain, that is its input and output 
currents are equal. The transistors T22 and T23 form a 
second current mirror circuit but the channel width to 
length ratios of transistor T23 and transistor T22 are 
chosen to cause the output current from the drain elec 
trode of transistor T23 to be A times the input current 
applied to the drain electrode of transistor T22. Simi 
larly the transistors T24 and T25 form a third current 
mirror circuit, the channel width to length ratios of 
transistors T24 and T25 being chosen to make the out 
put current from the drain electrode of transistor T24 
equal to A times the input current applied to the drain 
electrode of transistor T25. 
The current sources 21 and 25 each produce a current 

j. Thus the input i1 at input 20 can have a value up to —j 
without reverse biasing the input diode connected tran 
sistor T20. Similarly the input current i; at input 27 can 
also have a value of up to -- j without reverse biasing 
the input diode connected transistor T25. The input 

' circuit will normally be designed to handle currents of 
2j so that the input currents i1 and i; can vary between 
i j. If a current i) is applied to input 20 the output of the 
?rst current mirror circuit formed by transistors T20 
and T21 will produce a current j+i1 in the direction 
shown in FIG. 2. This current is fed to the input of the 
second current mirror circuit formed by transistors T22 
and T23 which, as a result, produces at its output a 
current A.0+i1) in the direction shown in FIG. 2. If a 
current i; is applied to the input 27, it will be added to 
the current j produced by the current source 25 and 
applied to the input of the third current mirror circuit 
which, as a result, will produce at its output the current 
A.?+i2) in the direction shown in FIG. 2. Conse 
quently, the current supplied to the output 24 is the 
difference between the output currents produced by the 
second and third current mirror circuits A.(j+i|)-A.( 
j+i2) which is equal to A.(i1—i2). Thus the current at 
the output 24 is equal to A times the difference between 
the currents at the inputs 20 and 27 and the module 
shown in FIG. 2 provides both a current scaling and 
current subtraction function. Clearly, a straightforward 
current scaling function can be performed by this cir 
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cuit if the input current i; is zero or an inverted current 
scaling can be performed if the input current i] is zero. 

Within the static modules shown in FIG. 2 a bias 
current j has been added to the input current and then 
an equal bias current j has been subtracted from the 
output current (multiplied by any scaling factor, if nec 
essary). Thus bi-directional signal currents can be ap 
plied to the inputs of each module and produced at the 
corresponding output. There is a requirement for two 
matched current sources but these can be located close 
together within an integrated circuit to minimise mis 
matches between currents produced by the two current 
sources. ' 

FIG. 3 shows a current scaling circuit according to 
the invention where only n-channel ?eld effect transis 
tors are used in the current mirror circuit. The subtract 
ing scaler shown in FIG. 3 has a ?rst input 30 which is 
connected to the junction of a current source 31 and the 
drain electrode of an n-channel ?eld effect transistor 
T30. The other end of the current source T31 is con 
nected to a positive supply rail 32 while the source 
electrode of transistor T30 is connected to a negative 
supply rail 33. The drain electrode of transistor T30 is 
connected to its gate electrode and to the gate electrode 
of an n-channel ?eld effect transistor T31 whose source 
electrode is connected to the negative supply rail 33. 
The drain electrode of transistor T31 is connected via a 

' current source 36 to the positive supply rail 32, to a 
second input terminal 37 and to the drain electrode of an 1 
n-channel ?eld effect transistor T34. The source elec 
trode of transistor T34 is connected to the negative 
supply rail 33 while its drain electrode is connected to 
its gate electrode and to the gate electrode of an n-chan 
nel ?eld effect transistor T35. The source electrode of 
transistor T35 is connected to the negative supply rail 
33 while its drain electrode is connected to an output 
terminal 34 and, via a current source 35, to the positive 
supply rail 32. The current source 31 is arranged to 
produce a current j while the current source 36 is ar 
ranged to produce a current 2j and current source 35 is 
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arranged to produce a current A.j. The ?rst current . 
mirror circuit formed by transistors T30 and T31 is 
arranged to have a current ratio of unity while the 
second mirror circuit formed by transistors T34 and 
T35 is arranged to have a current ratio of 1:A. 

In operation an input current i] is ‘connected to input 
30 and as a result the current j+i1 is connected to the 
input of the ?rst current mirror circuit. Consequently, 
the output of the ?rst current mirror circuit is also j +i1. 
If an input current i; is fed to input 37, then the current 
fed to the input of the second current mirror circuit will 
be equal to 2j+i2—(j+i1) which is equal to j+i2—i1. 
This causes the second mirror circuit to produce the 
current A.(j+i2—i1) at its output. Consequently, the 
current at output 34 is equal to A. j —A.(j +i2—-i1) which 
is equal to A(i1—i2). 
FIG. 4 shows the interface between two modules of 

the form shown in FIG. 2. It is assumed that the value 
of A is equal to 1, that input current i1=i and input 
current i2=0. With these assumptions the current 
through transistor T23 is equal to j+i and that through 
transistor T24 is equal to j giving rise to the current i 
which is transferred between the output of one current 
scaling circuit and the input of the next. The current 
source 21' produces the current j and the transistor T20’ 
carries the currrent j+i. 
FIG. 5 shows a corresponding interface between two 

current scaling circuits as shown in FIG. 3. Again it is 
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assumed that A=l, i1=i and i2=0. In this case the 
current source 35 passes the current j, while the transis 
tor T35 conducts the current j-i. Again the current i is 
passed between the two current scaling circuits and 
applied to the input of the second. In the input circuit of 
the second current scaling circuit, the current source 31' 
produces the current j while the transistor T30’ con 
ducts the current j+i. 

It can be seen from a comparison between the inter 
face arrangements shown in FIGS. 4 and 5 that the 
output of the second current mirror of the scaling cir 
cuit shown in FIG. 2 is connected to the input of the 
?rst current mirror of the subsequent scaling circuit of 
the type shown in FIG. 2. These current mirrors are 
connected in series across the supply rails and both 
conduct the current j+i. 
However, with the interface circuits shown in FIG. 5 

between the current scaling circuits shown in FIG. 3, 
the current source 35 is connected in series with the ?rst 
current mirror circuit of the succeeding module across 
the supply rails. The current source 35 conducts the 
current j whereas the transistor T23, which forms the 
output branch of the ?rst current mirror conducts the 
current j+i. Thus the saturation voltage of the output 
transistor which produces the constant current j, that is 
the current source 35, will be less than a similar device 
carrying the current j +il, that is the transistor T23 form 
ing the output branch of the second current mirror 
circuit in the arrangement of FIG. 2. Consequently, the 
allowable supply voltage can be lower for the same 
range of input signal current or alternatively a smaller 
p-channel device could be used. The current sources for 
the arrangement shown in FIG. 3 may be constructed 
from p-cha'nnel ?eld effect transistor arrangements if 
the process is CMOS. Alternatively, if an NMOS pro 
cess is used, the current sources could be constructed 
from depletion mode transistor arrangements. In either 
case the signal current only flows in the current mirror 
circuits constructed from n-channel transistors, thereby 
relaxing the design constraints. The difference between 
the arrangements shown in FIGS. 2 and 3 may be even 
more pronounced when source degeneration resistors 
are used in the current sources and p-channel current 
mirror circuits. This arises since a lower accuracy is 
demanded in the matching between bias currents since 
this merely results in a current offset and so the same 
circuit signal performance may be obtained using 
smaller source degeneration resistors or even dispensing 
altogether with source degeneration resistors in the 
current sources. 
A full family of static modules may be produced 

using only current mirror circuits employing n-channel 
?eld effect transistors. Clearly by analogy with the 
static modules shown in U.S. Pat. No. 4,958,123, n 
channel current scaling modules having multiple inputs 
and multiple outputs can be constructed. FIG. 3 shows 
a representative single ended circuit while FIG. 6 
shows a representative differential current scaling cir 
cuit. 
The differential current scaling circuit shown in FIG. 

6 has a ?rst input 100 which is connected to the junction 
of a current source 101 and the drain electrode of an 
n-channel ?eld effect transistor T101. The other end of 
the current source 101 is connected to a positive supply 
rail 102 while the source electrode of transistor T101 is 
connected to a negative supply rail 103. The drain elec 
trode of transistor T101 is also connected to its gate 
electrode and to the gate electrodes of two further 
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n-channel ?eld effect transistors T102 and T103. A 
current source 104 is connected between the positive 
supply rail 102 and the drain electrode of transistor 
T102 and the drain and gate electrodes of an n~channel 
?eld effect transistor T104. The gate electrode of tran 
sistor T104 is connected to the gate electrode of a fur 
ther n-channel ?eld effect transistor T105. The source 
electrodes of transistors T102, T103, T104, and T105 
are connected to the negative supply rail 103. The drain 
electrode of transistor T103 is connected to a ?rst out 
put terminal 105. A current source 106 is connected 
between the positive supply rail 102 and the drain elec 
trode of transistor T103. A second input terminal 107 is 
connected to the junction of a current source 108 and 
the drain electrode of an n-channel ?eld effect transistor 
T108. The other end of the current source 108 is con 
nected to the positive supply rail 102 while the source 
electrode of transistor T108 is connected to the negative 
supply rail 103. The drain electrode of transistor T108 is 
further connected to its gate electrode and to the gate 
electrodes of two further n-channel ?eld effect transis 
tors T109 and T110. The source electrodes of transis 
tors T109 and T110 are connected to the negative sup 
ply rail 103. The drain electrode of transistor T109 is 
connected to the positive supply rail 102 via a current 
source 109 and to the drain electrode of an n-channel 
?eld effect transistor T111. The drain electrode of tran 
sistor T110 is connected to they positive supply rail 102 
via a current source 110 and to an output 111. The drain 
electrode of transistor T111 is connected to its gate 
electrode and to the gate electrode of an n-channel ?eld 
effect transistor T112. The source electrodes of transis 
tors T111 and T112 are connected to the negative sup 
ply rail 103. The drain electrode of transistor T105 is 
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connected to the output 111 while the drain electrode of 35 
transistor T112 is connected to the output 105. 
The current sources 101 and 108 both produce the 

current j, the current sources 104 and 109 both produce 
the current 2j, and the current sources 106 and 110 both 
produce the current 2Aj. Transistors T101 to T103 
comprise a ?rst n-channel current mirror circuit having 
an input branch comprising transistor T101, a ?rst out 
put branch comprising transistor T102 and a second 
output branch comprising transistor T103. The current 
ratio between the input and ?rst output branch is 1:1, 
while that between the input and second output branch 
is lzA. A second current mirror circuit is formed by 
transistors T104 and T105, the input branch comprising 
transistor T104 and the output branch comprising tran 
sistor T105. The current ratio between the input and 
output branches of the second current mirror circuit is 
12A. Similarly, the transistors T108, T109 and T110 
form a third current mirror circuit having current ratios 
of 1:1 between the input and ?rst output branch and IA 
between the input and second output branch. A fourth 
current mirror circuit is formed by transistors T111 and ' 
T112 which has a current ratio of 1:A between its input 
and output branches. 

If a current i+ is applied to input 100 and a current i’ 
to input 107, then the currents labelled on FIG. 6 will be 
produced. By following through these currents it can be 
seen that at outputs 105 and 111 the_ current -A(i+' 
-i-) and A(i+ —i—) are produced. 
Various fully differential static modules performing 

scaling functions can be produced using n-channel cur 
rent mirror circuits. The person skilled in the art will be 
able to derive constructions using current mirror cir 
cuits containing n-channel devices equivalent to those 
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constructions disclosed in US. Pat. No. 4,958,123 
which use both current mirror circuits containing n 
channel devices and current mirror circuits containing 
p-channel devices. 
FIG. 7 shown a current memory module constructed 

using current memory cells which employ n-channel 
?eld effect transistors only. The current memory mod 
ule shown in FIG. 7 has an input 200 which is con 
nected to the junction of a current source 201 and the 
drain electrode of an n-channel ?eld effect transistor 
T201. The other end of the current source 201 is con 
nected to a positive supply rail 202 while the source 
electrode of transistor T201 is connected to a negative 
supply rail 203. The drain electrode of transistor T201 is 
further connected to its gate electrode and to one end of 
a switch S201. The other end of the switch S201 is 
connected to the junction of a capacitor C201 and the 
gate electrode of an n-channel ?eld effect transistor 
T202. The other end of the capacitor C201 and the 
source electrode of transistor T202 are connected to the 
negative supply rail 203. The drain electrode of transis 
tor T202 is connected to the positive supply rail 202 via 
a current source 204. The junction of the current source 
204 and the drain electrode of transistor T202 is con 
nected to the drain and gate electrodes of an n-channel 
?eld effect transistor T203. The source electrode of 
transistor T203 is connected to the negative supply rail 
203 while its gate electrode is conected to one end of a 
switch S202. The other end of the switch S202 is con 
nected to the junction of a capacitor C202 and the gate 
electrode of an n-channel ?eld effect transistor T204. 
The source electrode of transistor T204 and the other 
end of the capacitor C202 are both connected to the 
negative supply rail 203. The drain electrode of transis 
tor T204 is connected to an output 205 and to the posi 
tive supply rail 202 via a current source 206. The cur 
rent sources 201 and 206 produce the current j while the 
current source 204 produces the current 2j. The 
switches S201 and S202 are controlled by two clock 
phases (1) and d) which occur during each sampling per 
iod P,,. The clock' phases (1) and d) are non-overlapping 
so that the switches S201 and S202 are never both 
closed at the same time. 
The operation of the current memory circuit is as 

follows. If, during a period Pn an input current in is 
applied at input 200, then the current in + j is applied to 
the diode connected transistor T201. When the switch 
S201 is closed, that is during the <1) phase, then the cir 
cuit comprising transistors T201 and T202 is effectively 
a current mirror circuit and the transistor T202 will 
conduct the current j+i,,. At the same time the capaci 
tor C201 will be charged to the gate-source potential of 
transistor T202 and thus when the switch S201 opens 
the charge on capacitor C201 will maintain the gate 
source potential of transistor T202 so that it continues to 
conduct the current j+i,,. As a result the current 
2j—(j+i,,) will be applied to the diode connected tran 
sistor T203. During the qb phase of the sampling period 
Pn+1, the switch $202 will be closed and hence the 
current conducted by transistor T204 will be equal to 
2j —(i+i,,) and the capacitor C202 will become charged 
to the gate source potential of transistor T204. When 
the switch S202 opens, that is after the end of the ¢ 
phase of sampling period P,,+1, the current through 
transistor T204 will be maintained at the value 
2j -(j +i,,) and hence the output current will be equal to 
in, that is the output current is equal to the input current 
in the preceding sampling period. 
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FIG. 8 shows an alternative current memory circuit 
using only n-channel ?eld effect transistors. The current 
memory circuit shown in FIG. 8 has an input 81 which 
is connected to one end of a switch S81 whose other end 
is connected to the junction of one end of a switch S82 
and the drain electrode of an n-channel ?eld effect tran 
sistor T81. The other end of the switch S82 is connected 
to the junction of the gate electrode of transistor T81 
and a capacitor C81. The other end of the capacitor C81 
and the source electrode of transistor T81 are con 
nected to a negative supply rail 83. The drain electrode 
of transistor T81 is connected to a positive supply rail 85 
via a current source 84. One end of a-switch S83 is 
connected to the junction of the current source 84 and 
the drain electrode of transistor T81. The other end of 
switch S83 is connected to the junction of one end of a 
switch S84 and the drain electrode of an n-channel ?eld 
effect transistor T82. The other end of switch S84 is 
connected to the junction of the gate electrode _of tran 
sistor T82 and a capacitor C82. The other end of capaci 
tor C82 and the source electrode of transistor T82 are 
connected to the negative supply rail 83. The drain 
electrode of transistor T82 is connected to the positive 
supply rail 85 via a current source 86 and to one end of 
a switch S85, the other end of which is connected to an 
output 82. The gate electrode of transistor T82 is con 
nected to the gate electrode of an n-channel ?eld effect 
transistor T85 whose source drain electrode is con 
nected to the negative supply rail 83 and whose drain 
electrode is connected to the positive supply rail by a 
current source 91. The drain electrode of transistor T85 
is also connected to an output 88 via a switch S90. The 
current sources 84 and 86 both each produce the cur 
rent j while the current source 91 produces the current 
A. j. These currents are appropriate if the channel width 
to length ratios of transistors T85 and T82 are chosen so 
that transistor T85 conducts A times the current con 
ducted by transistor T82 when the same gate-source 
voltage is applied. * 
Two non-overlapping clock signals (1) and d) are pro 

duced to control the switches S81 and S85 and S90. 
Thus each sampling period Pn is divided into a d> phase 
and a (1) phase which do not overlap. The arrangement 
shown in FIG. 8 operates as follows. If an input current 
in is applied to the input 81 in a sampling period P", then 
during phase cl) the switches S81 and S82 are closed and 
the switch 583 is open. Consequently, transistor T81 is 
connected as a diode and the capacitor C81 becomes 
charged to the gate-source potential produced by the 
current in + j flowing through transistor T81. At the end 
of the ¢ phase switches S81 and S82 open but the tran 
sistor T81 continues to conduct the current j+i,, be 
cause of the charge on capacitor C81. In the qb phase of 
sampling period P” switches S83 and S84 close and the 
transistor T82 is connected as a diode and conducts the 
current j +i,,. Again the capacitor C82 becomes charged 
to the gate-source potential of transistor T82 and thus at 
the end of the (1) phase the current through transistor 
T82 is maintained'by j+i,, by the charge on capacitor 
C82. Also, since the gate electrode of transistor T85 is 
connected to the gate electrode of transistor T82 the 
transistor T85 conducts the current Ax(j+in). During 
the ¢ phase of the next sampling period P,,+1 switches 
S85 and S90 close and consequently the current in is 
produced at terminal 82 and the current A.i,, is pro 
duced at the terminal 88. Thus the memory circuit 
shown in FIG. 8 is capable of reproducing at its output 
82 the current applied to its input 81 in the previous 
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sampling period and at the output 88 a scaled version of 
that current is available. 

Clearly, fully differential versions of the memory 
circuit shown in FIG. 8 could readily be designed by 
the person skilled in the art and reference should be 
made to US Pat. No. 4,958,123 the various type of ’ 
memory circuit which can be constructed using com 
plementary current memory cells, and these may all be 
transformed into memory circuits using memory cells 
having n-channel ?eld effect transistors only. 
FIG. 9 shows a double balanced differential bilinear 

integrator in which signal currents flow only through 
n-channel ?eld effect transistors. The circuit shown in 
FIG. 9 has two input terminals 301 and 311. The input 
terminal 301 is connected via a switch S301 to the junc 
tion of a current source 302 and a drain electrode of an 
n-channel ?eld effect transistor T301. The other end of 
the current source 302 is connected to a positive supply 
rail 300 while the source electrode of transistor T301 is 
connected to a negative supply rail 309. The drain elec 
trode of transistor T301 is further connected to its gate 
electrode and to one end of a switch S302. The other 
end of the switch S302 is connected to the junction of a 
capacitor C301 and the gate electrode of an n-channel 
?eld effect transistor T302. The other end of the capaci 
tor C301 and the source electrode of transistor T302 are 
connected to the negative supply rail 309. The drain 
electrode of transistor T302 is connected via a current 
source 303 to the positive supply rail 300 and to the 
drain electrode of an n-channel ?eld effect transistor 
T303. The drain electrode of transistor T303 is also 
connected to its gate electrode and to one end of a 
switch S303, while its source electrode is connected to 
the negative supply rail 309. ‘The other end of the 
switch S303 is connected to the junction of a capacitor 
C302 and the gate electrodes of three n-channel ?eld 
effect transistors T304, T305'and T306. The other end 
of capacitor C302 and the source electrodes of transis 
tors T304, T305 and T306 are all connected to the nega 
tive supply rail 309. The drain electrode of transistor 
T304 is connected via a current source 304 to the posi 
tive supply ‘rail 300, the drain electrode of transistor 
T305 is connected to a positive supply rail via a current 
source 305, and the drain electrode of transistor T306 is 
connected to the positive supply rail 300 by a current 
source 306. The drain electrode of transistor T304 is 
further connected to the drain electrode of an n-channel 
?eld effect transistor T307 whose source electrode is 
connected to the negative supply rail 309. The drain 
electrode of transistor T307 is further connected to its 
gate electrode and to the gate electrodes of two further 
n-channel ?eld effect transistors T308 and T309. The 
source electrodes of transistors T308 and T309 are con 
nected to the negative supply rail 309 while the drain 
electrodes of transistors T308 and T309 are connected 
to the positive supply rail 300 via respective current 
sources 315 and 316. , 

Input terminal 311 is connected by a switch S311 to 
the junction of a current source 312 and the drain elec 
trode of an n-channel ?eld effect transistor T311. The 
other side of the current source 312 is connected to the 
positive supply rail 300 while the source electrode of 
transistor T311 is connected to the negative supply rail 
309. The drain electrode of transistor T311 is further 
connected to its gate electrode and to one end of a 
switch S312. The other end of the switch S312 is con 
nected to the junction of a capacitor C311 and the gate 
electrode of an n-channel ?eld effect transistor T312. 
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The other end of the capacitor C311 and the source 
electrode of the transistor T312 are both connected to 
the negative supply rail 309. The drain electrode of 
transistor T312 is connected to the positive supply rail 
300 via a current source 313 and to the drain electrode 
of an n-channel ?eld effect transistor T313 whose 
source electrode is connected to the negative supply rail 
309. The drain electrode of transistor T313 is further 
connected to its gate electrode and to one end of a 
switch S313. The other end of switch S313 is connected 
to the junction of a capacitor C312 and the gate elec 
trode of an n-channel ?eld effect transistor T314. The 
other end of the capacitor C312 and the source elec 
trode of transistor T314 are connected to the negative 
supply rail 309. The gate electrode of transistor T314 is 
further connected to the gate electrodes of two n-chan 
nel ?eld effect transistors T315 and T316 whose source 
electrodes are connected to the negative supply rail 309. 
The drain electrodes of transistors T315 and T316 are 
connected to the positive supply rail 300 via current 
sources 315 and 316, respectively. The drain electrode 
of transistor T314 is connected to the positive supply 
rail 300 via a current source 314 and to the drain elec 
trode of an n-channel ?eld effect transistor T317. The 
drain electrode of transistor T317 is connected to its 
gate electrode and to the gate electrodes of two further 
n-channel ?eld effect transistors T318 and T319. The 
source electrodes of transistors T317, T318 and T319 
are connected to the negative supply rail 309. The drain 
electrodes of transistors T318 and T319 are connected 
to the positive supply rail 300 via current sources 305 
and 306 respectively. An output terminal 307 is con 
nected to the junction of the current source 306 and the 
drain electrode of transistor T306, while an output ter 
minal 317 is connected to the junction of a current 
source 316 and the drain electrode of the transistor 
T316. A feedback connection 308 is provided between 
the drain electrode of transistor T305 and the drain 
electrode of transistor T301, while a feedback connec 
tion 318 is connected between the drain electrode of 
transistor T315 and the drain electrode of transistor 
T311. The input terminal 301 is further connected by a 
switch S304 to the junction of the current source 313 
and the drain electrode of transistor T312, while the 
input terminal 311 is further connected through a 
switch 5314 to the junction of a current source 303 and 
the drain electrode of transistor T302. 
The transistors T301, T302, the capacitor C301 and 

the switch S302 form a ?rst current memory cell 
MC301 having a unity current ratio, i.e. The output 
current in one clock period is equal to the input current 
in the preceding clock period. The transistors T303 to 
T306, the switch S303 and the capacitor C302 form a 
second current memory cell MC302. The second cur 
rent memory cell MC302 has three outputs taken from 
the drain electrodes of transistors T304, T305 and T306 
respectively. The output from the drain electrode of 
transistor T304 has the same value as the current previ 
ously applied to the drain electrode of transistor T303. 
The current produced by transistor T305 is equal to B/2 
times the current previously applied to the drain elec 
trode of transistor T303 while the drain electrode of 
transistor T306 produces an output current equal to A 
times the current previously applied to the drain elec 
trode of transistor T303. The transistors T311 and T312, 
the capacitor C311 and the switch S312 form a third 
current memory cell MC311 having a unity current 
ratio. The output of the third current memory cell is 
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derived from the drain electrode of transistor T312 
which produces a current equal to that previously ap 
plied to the drain electrode of transistor T311. The 
transistors T313, T314, T315 and T316, the capacitor 
C312 and the switch S313 form a fourth current mem 
ory cell MC312. The current produced at the drain 
electrode of transistor T314 is equal to the current pre 
viously applied to the drain electrode of transistor 
T313, the current produced at the drain electrode of 
transistor T315 is equal to B/2 times the current previ 
ously applied to the drain electrode of transistor T313 
and the current produced at the drain electrode of tran 
sistor T316 is equal to A times the current previously 
applied to the drain electrode of transistor T313. The 
transistors T307, T308 and T309 form a ?rst current 
mirror circuit CM301. The channel width/length ratios 
of the transistors are selected so that the current pro 
duced at the drain electrode of transistor T308 is equal 
to B/2 times the current applied to the drain electrode 
of transistor T307 while the current produced at the 
drain electrode of transistor T309 is equal to A times the 
current applied to the drain electrode of transistor 
T307. Transistors T317, T318 and T319 form a second 
current mirror circuit CM311. The current produced by 
transistor T318 is equal to B/2 times the current applied 
to transistor T317 while the current produced by tran 
sistor T319 is equal to A times the current applied to 
transistor T317. The current sources 302 and 312 each 
produce a current j, the current sources 303, 304, 313 
and 314 all produce the current 2j, the current soures 
305 and 315 each produce the current Bj, while the 
current sources 306 and 316 each produce the current 
2Aj. The switches S301, S302, S311 and S312 are closed 
during the 4) phase while the switches S304, S303, S314 
and S313 are closed during the d) phase; the <1) and qb 
phases being as de?ned in FIG. 10. 
The operation of the integrator shown in FIG. 9 will 

be described using the assumption that the input termi 
nals 301 and 311 receive differential input currents i+ 
and i- respectively and that the output of terminals 317 
and 307 produce the output differential currents io+ and 
i0- respectively. In the following analysis the currents 
I] to 19 are de?ned as the currents flowing through 
transistors T311 to T319, respectively, while the cur 
rent I1’ to 19' are de?ned as the currents flowing' 
through transistors T301 to transistors T309, respec 
tively. 
During the £13 phase of sampling period (n- 1) 

A 

where {/=io+(n—l)/2A 

"— =i-(n- 1) 

and, for an ideal integrator 

Similarly I2'=j+i0~(n— l)/2A +i+(n — 1) 
During the 4) phase of sampling period It 

13 = 14 = 215 = 16/11 
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in : (01+ — 01-) where 

Converting to the 2 domain 

H(z)=io(z)/i(z)= —2A(l +z- 1/1 -z" 1) 

Mapping onto the continuous time ideal integrator 

A=T/4 

If B is made to be less than one a lossy integrator is 
formed, whereas if B is equal to one an ideal integrator 
is formed. Various ?lter bi-quadratic sections employ 
both ideal and lossy integrators, for example, the Tow 
Thomas bi-quadratic section. 
FIG. 11 shows a sixth embodiment of a circuit mod 

ule for use in a circuit arrangement according to the 
invention, the module in FIG. 11 being of the same form 
as at that shown in FIG. 3 except that p-channel ?eld 
effect transistors are used for conducting signal currents 
rather than n-channel field effect transistors. In the form 
shown in FIG. 11 the circuit module performs a sub 
tracting scaler function. The circuit module shown in 
FIG. 11 has an input terminal 430 which is connected to 
the junction of the drain electrode of a p-channel ?eld 
effect transistor T430 and a current source 431. The 
other end of the current source 431 is connected to a 
negative supply rail 432 while the source electrode of 
transistor T430 is connected to a positive supply rail 
433. The drain electrode of transistor T430 is connected _ 
to its gate electrode and to the gate electrode of a p 
channel ?eld effect transistor T431 whose source elec 
trode is connected to the positive supply rail 433. The 
drain electrode of transistor T431 is connected to the 
negative supply rail 432 via a current source 436. An 
input terminal 437 is connected to the drain electrode of 
transistor T431 and to the drain electrode of a p-channel 
?eld effect transistor T434. The source electrode of 
transistor T434 is connected to the positive supply rail 
433 while its drain electrode is connected to its gate 
electrode and to the gate electrode of a p-channel ?eld 
effect transistor T435. The source electrode of transis 
tor T435 is connected to the positive supply rail 433 
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while its drain electrode is connected to an output ter 
minal 434 and via a current source 435 to the negative 
supply rail 432. The current source 431 is arranged to 
conduct a current of j, the current source 436 is ar 
ranged to conduct a current 2j, and the current source 
435 is arranged to conduct a current Aj. The ?rst cur; 
rent mirror circuit formed by transistor T430 and tran 
sistor T431 is arranged to have a unity current ratio, 
while the second current mirror circuit formed by tran 
sistors T434 and T435 is arranged to have a current 
ratio 1 to A. 

In operation an input current it is connected to input 
430 and as a result the current j+i1 is connected to the 
input of the ?rst current mirror circuit. Consequently, 
the output of the ?rst current mirror circuit is also j+i1. 
If an input current i; is fed to terminal 437 then the 
current fed to the input of the second current mirror 
circuit will be equal to 2j+i2—(j+i1) which is equal to 
j+i2—i1. This causes the second current mirror circuit 
to produce the current A(j+i2-i1) at its output. Conse 
quently the current at output 434 is equal to Aj-A(_i 
+i2—i1) which is equal to A(i1—i2). Consequently, the 
output at terminal 434 is equal to the difference between 
the input currents applied to input terminals 430 and 437 
multiplied by a constant A. If a plurality of outputs are 
required then all that is needed to enable their produc 
tion is the addition of further branches in the output 
circuit of the second current mirror and appropriate 
current sources equivalent to the current source 435. 
The further output branches and corresponding current 
sources may, of course, have different scaling factors. In 
that way a number of independently scaled outputs may 
be produced. A summing scaler can be conveniently 
produced merely by providing a number of inputs at the 
junction between the drain electrode of transistor T430 
and the current source 431. The number of summing 
inputs is restricted by the condition that the total cur 
rent ?owing into the junction between the drain elec 
trode of transistor T430 and the current source 431 must 
not be allowed to become greater than the current j. 
FIG. 12 shows a seventh embodiment of a circuit 

module for use in a circuit arrangement according to 
the invention and which takes the form of a current 
memory circuit. This circuit is equivalent to that shown 
in FIG. 7 but uses p-channel ?eld effect transistors for 
conducting signal currents rather than n-channel ?eld 
effect transistors. The current memory circuit shown in 
FIG. 12 has an input 400 which is connected to the 
drain electrode of a p-channel ?eld effect transistor 
T401 and a current source 401. The source electrode of 
transistor T401 is connected to the positive supply rail 
403 while the other end of the current source 401 is 
connected to a negative supply rail 402. The drain elec 
trode of transistor T401 is connected to its gate elec 
trode and to one end of a switch $401. The other end of 
the switch S401 is connected to the junction of a capaci 
tor C401 and the gate electrode of a p-channel ?eld 
effect transistor T402. The other end of capacitor C401 
is connected to the positive supply rail. The drain elec 
trode of transistor T402 is connected via a current 
source 404 to the negative supply rail 402, while its 
source electrode is connected to the positive supply rail 
403. Th drain electrode of transistor T402 is connected 
to the drain electrode of a p-channel ?eld effect transis 
tor T403 whose source electrode is connected to the 
positive supply rail 403. The gate electrode of transistor 
T403 is connected to its drain electrode and to one end 
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of a switch S402. The other end of switch S402 is con 
nected to the junction of the gate electrode of p-channel 
?eld effect transistor T404 and to a capacitor C402 
whose other end is connected to the positive supply rail 
403. The source electrode of transistor T404 is con 
nected to the positive supply rail 403 while its drain 
electrode is connected to an output 405 and via a cur 
rent source 406 to the negative supply rail 402. The 
switches S401 and S402 are controlled by two clock 
phases 4) and (b which occur during each sampling per 
iod Pn. The clock phases 4) and d) are non-overlapping 
so that the switches S401 and S402 are never both 
closed at the same time. ‘ 
The operation of the current memory circuit shown 

in FIG. 12 is similar to described with reference to FIG. 
7. Consequently, the operation will not be further de 
scribed.~ 
FIG. 13 shows an eighth embodiment of a circuit 

module for use in a circuit arrangement according to 
the invention. The module shown in FIG. 13 takes the 
form of a current memory having a differential current 
input and a differential current output. The module 
shown in FIG. 13 has ?rst and second input terminals 
500 and 510 for the application of a differential input 
current. The input terminal 500 is connected to the 
junction of the drain electrode of an n-channel ?eld 
effect transistor T501 and a current source 501. The 
other end of the current source 501 is connected to a 
positive supply rail 502 while the source electrode of 
transistor T501 is connected to a negative supply rail 
503. The drain electrode of transistor T501 is connected 
to its gate electrode and to one end of a switch S501. 
The other end of the switch S501 is connected to the 
gate electrode of an n-channel ?eld effect transistor 
T502 and to a capacitor C501 whose other end is con 
nected to the negative supply rail 503. The source elec 
trode of transistor T502 is connected to the negative 
supply rail 503 while its drain electrode is connected to 
the drain and gate electrodes of an n-channel ?eld effect 
transistor T503 and via a current source 504 to the 
positive supply rail 502. The gate electrode of transistor 
T503 is connected to one end of a switch S502, while its 
source electrode is connected to the negative supply rail 
503. The other end of the switch S502 is connected to 
the gate electrodes of two further n-channel ?eld effect 
transistors T504 and T505 and to a capacitor C502 
whose other end is connected to the negative supply rail 
503. The drain electrode of transistor T504 is connected 
to the drain electrode of an n-channel ?eld effect tran 
sistor T506 and via a current source 505 to the positive 
supply rail 502. The source electrodes of transistors 
T504, T505 and T506 are connected to the negative 
supply rail 503. The drain electrode of transistor T505 is 
connected to the positive supply rail 502 via a current 
source 506 and to an output terminal 507. 
The input terminal 510 is connected to the junction of 

a current source 511 and the drain electrode of an n 
channel ?eld effect transistor T511. The source elec 
trode of transistor T511 is connected to the negative 
supply rail 503 while the other end of the current source 
511 is connected to the positive supply rail 502. The 
drain electrode of transistor T511 is connected to its 
gate electrode and to one end of a switch $511. The 
other end of the switch S511 is connected to the gate 
electrode of an n-channel ?eld effect transistor T512 
and to a capacitor C511 whose other end is connected 
to the negative supply rail 503. The drain electrode of 
transistor T512 is connected to the drain and gate elec 
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trodes of an n-channel ?eld effect transistor T513 and to 
the positive supply rail via a current source 514. The 
source electrodes of transistors T512 and T513 are con 
nected to the negative supply rail. The gate electrode of 
transistor T513 is connected to one end ofa switch S512 
whose other end is connected to the gate electrodes of 
two n-channel ?eld effect transistors T514 and T515 
and to one end of a capacitor C512 whose other end is 
connected to the negative supply rail 503. The drain 
electrode of transistor T514 is connected to the drain 
electrode of a further n-channel ?eld effect transistor 
T516 and via a current source 515 to the positive supply 
rail 502. The drain electrode of transistor T515 is con 
nected to the positive supply rail 502 via a current 
source 516 and to an output terminal 517. The source 
electrodes of transistors T514, T515 and T516 are con 
nected to the negative supply rail 503. 
The gate electrode of transistor T506 is connected to 

its drain electrode and to the gate electrode of an n 
channel ?eld effect transistor T507. The source elec 
trode of transistor T507 is connected to the negative 
supply rail 503 while its drain electrode is connected to 
the terminal 517. The gate electrode of transistor T516 
is connected to its drain electrode and to the gate elec 
trode of an n-channel ?eld effect transistor T517. The 
source electrode of transistor T517 is connected to the 
negative supply rail 503 while and its drain electrode is 
connected to the output terminal 507. 
The operation of the differential current memory 

shown in FIG. 13 can be analysed in a manner similar to 
that of the operation of the differential scaling circuit 
shown in FIG. 6. The ?rst current memory circuit 
formed by transistors T501 to T505 together with their 
associated switches and capacitors is equivalent to the 
?rst current mirror circuit in FIG. 6 formed by transis 
tors T101 to T103. Similarly the current memory circuit 
formed by transistors T511 to T515 and their associated 
switches and capacitors is equivalent to the current 
mirror circuit in FIG. 6 formed by transistors T108 to 
T110. The current mirror circuit formed by transistors 
T506 and T507 and by transistors T517 and T516 are 
equivalent to the current mirror circuits in FIG. 6 
formed by transistors T104 and T105 and by transistors 
T111 and T112. However, due to the action of the cur 
rent memory circuit the currents produced at the output 
terminals 507 and 517 are related to the currents applied 
to the input terminals 500 and 510 in the previous clock 
cycle. Thus, the appearance of the current applied to 
terminals 500 and 510 at the output terminals 507 and 
517 is delayed by a clock period. It should also be noted 
that the currents are inverted a further time in the cur 
rent memory circuit as compared with the input current 
mirror circuit in FIG. 6 so that the output at terminal 
507 is equal to A (i+—i"') and that at terminal 507 is 
equal to -A (i+ —1-). 

Clearly a fan-out capacity can be added to the differ 
ential current memory circuit shown in FIG. 13 by 
adding further output branches to the current memory 
circuits and by adding appropriate further output 
branches to the current mirror circuits. Thus a current 
memory having a fan-out capacity can be provided. 

It should be noted that the capacitors in any of the 
current memory circuits disclosed herein can be con 
nected between the gate electrode of the respective 
transistor and any point of ?xed potential. In particular 
it is not necessary to connect the capacitor between the 
gate and source electrodes of the transistor. It is only 
necessary that the capacitor is able to store a charge 






